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ABSTRACT 
 

Stiffening of the vascular network is associated with the early stages of vascular aging, leading to cardiovascular 
disorders (hypertension), renal failures, or neurodegenerative diseases (Alzheimer’s). Unfortunately, many 
people remain undiagnosed because diagnostic methods are either unsuitable for a large population or 
unfamiliar to clinicians which favor the hypertension evaluation. In preclinical research, stiffness studies are 
often partially conducted. We think that the evaluation of aortic stiffness is essential as it would improve our 
understanding of aging diseases progression. We propose here a systematic method using decision trees in a 
multi-scale and multimodal approaches. Our method was evaluated by analyzing the aortic situation in old and 
young mice. We demonstrate that both the endothelial and smooth muscle cells exhibit pronounced functional 
alterations in favor of constriction. Additionally, there is significant remodeling of the extracellular matrix, 
leading to a drastic degradation of elastic fibers and the accumulation of collagen in the aortic wall. This series 
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INTRODUCTION 
 

According to a recent study [1], adults aged 30 to 79 

with arterial hypertension (AH) have increased from 

650 million to 1.28 billion in 30 years. Nearly half  

of these individuals are unaware of their condition, 

primarily due to population growth, metabolic diseases 

(e.g., obesity, diabetes), and aging. AH significantly 

raises the risk of heart, brain, or kidney diseases, 

making it a leading global cause of mortality and 

morbidity [2]. Thus, adopting a total risk approach for 

early detection and effective management of AH could 

prevent cardiovascular complications. 

 

Several studies [3, 4] suggest that the rise in blood 

pressure is only one symptom of an underlying 

cardiovascular disease and does not predict its course, 

except for severe AH. Systolic and diastolic pressures 

are important indicators but alone cannot reveal cellular 

or extracellular alterations in organs [5]. The duration of 

moderately high blood pressure values may play a role 

in organ functioning changes, making it essential to 

identify predictive parameters for cardiovascular risk. 

Some studies propose arterial stiffening measurement as 

a better parameter to predict risk and mortality in obese, 

diabetic, or aged patients [6–10]. 

 

Vascular stiffening results from vascular wall 

remodeling, including cellular and extracellular matrix 

(ECM) alterations [11]. The cellular compartment 

(vascular smooth muscle cells, SMC, and/or endothelial 

cells, EC) affects vasocontraction and vasodilation, 

while extracellular components like elastic and collagen 

fibers contribute to arterial mechanical properties. 

Collagen ensures vessel integrity and resistance to 

stretching [12], and elastic fibers provide flexibility and 

extensibility while allowing vessel retraction. With age, 

cellular composition and functionality change [13], and 

the ECM scaffold undergoes strong remodeling (elastic 

fiber degradation, collagen neo-synthesis). 

 

To prevent cardiovascular issues, determining a patient’s 

arterial age is crucial. In this context, the index of 

arterial stiffening may accurately estimate cardiovascular 

aging. Various methods are used, in hospitals or by 

medical practitioners, to measure arterial stiffness (i.e., 

magnetic resonance imaging (MRI), ultrasound). But 

others, requiring an invasive approach (i.e., atomic 

force microscopy (AFM), vascular reactivity), are for 

experimental research only. The method we present 

here was designed and tested to evaluate vascular 

ageing in a mouse model. Its accuracy relies on  

decision trees from both functional and anatomical 

perspectives. 

 

RESULTS 
 

A functional approach to study aortic stiffness 

 

The assessment of aortic function and its level of 

stiffness can be easily conducted using general 

functional methods (e.g., ultrasound or measurement of 

arterial pressures) or more specific approaches at the 

cellular scale (i.e., EC and SMC) or the extracellular 

scale (elastic fibers) (Figure 1A). To illustrate this, we 

examined the cardiovascular function of young and old 

mice. Using high-frequency ultrasound, we obtained 

various anatomical and functional parameters of the 

heart and aorta. Cardiac parameters, including end-

systolic and end-diastolic volumes, left ventricular 

mass, cardiac output, fractional area change, and 

fractional shortening, were significantly altered in the 

aged mice compared to the young mice, suggesting 

hypertrophy of the older heart (Table 1). Aged mice 

exhibited increased systolic and pulse pressures, as well 

as aortic pulse wave velocity (see Table 1). Ultrasound 

measurements of aortic anatomical parameters and 

estimations of local Young’s modulus, compliance, and 

wall distensibility indicated arterial stiffness in aged 

mice (see Table 1). Muscle hypercontraction or ECM 

remodeling could explain the vascular stiffness observed. 

In comparison to young mice, aged mice displayed 

elevated production/expression of vasoconstrictor factors, 

such as tissue expression of α-SMA (smooth muscle 

actin), SM22a (smooth muscle), h-Caldesmon, and 

MLCK (Myosin light-chain kinase) (Figure 1B), as well 

as the expression and secretion of endothelin 1 (ET-1) 

in the plasma (Figure 1C, 1D). 

 

By assessing vascular reactivity (Figure 1E), we 

examined the muscular status of the aorta and found that 

age limited the vasodilatory response to acetylcholine, 

while aortas from both groups responded similarly to 

phenylephrine stimulation. The reduced aortic relaxation 

mechanism could be attributed to decreased endo- 

thelial nitric oxide synthase (eNOS) gene expression 

(Figure 1C), with inducible nitric oxide synthase  

(iNOS) seemingly unaffected. The phosphorylation

of changes contributes to the development of vascular rigidity, a preliminary stage of arterial hypertension. Our 
results suggest that our method should improve preclinical understanding and encourage clinicians to equip 
themselves with tools assessing the vascular function, as it is an essential issue for preventing numerous 
pathologies. 
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Figure 1. Functional evaluation of aortic stiffness between old (n = 5–10, red) and young (n = 5–10, blue) mice. (A) Decision tree 

allowing the functional evaluation of the animal with the elastic fiber. “*” identifies parameters that are methodologically accessible for clinical 
studies. (B) mRNA expression of vascular contraction markers (αSMA, Alpha Smooth Muscle Actin - SM22α, Smooth muscle protein 22-alpha - 
MLCK, Myosin light-chain kinase). (C) mRNA expression of endothelin (ET-1) and endothelial (eNOS) and inducible (iNOS) nitric oxide synthase. 
(D) Plasma assay of endothelin 1. (E) Ex vivo measurement of vascular reactivity after stimulation with phenylephrine or acetylcholine. (F, G) 
Western blot of native and phosphorylated forms of eNOS (panel F) and quantification of gray level by imageJ (panel G). (H) Plasma dosage of 
nitric oxide (NO). (I, J) Evaluation of extracellular matrix: by atomic force microscopy. (I) Imaging of elastic fibers (EF) with PeakForce error and 
DMT modulus (scale bar: 10 µm). (J) Quantifications of EF rugosity (left), stiffening of EF (middle) and inter-EF spaces (IEFS, right). Statistical 
test: Mann-Whitney. Mean+/− SEM. Significant differences (*p < 0.05, **p < 0.001, ***p < 0.0001, Mann-Whitney). 
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Table 1. Cardiovascular parameters obtained from young and aged mice. 

 Young  Aged  Mann Whitney 

(n = 10) (n = 10) (p-value) 

V
A

S
C

U
L

A
R

 P
A

R
A

M
E

T
E

R
S

 

Systolic blood pressure (mmHg) 124.2 ± 0.8 139.5 ± 1.9 0.0002 

Diastolic blood pressure (mmHg) 48.3 ± 1.1 50.6 ± 1.5 0.1983 

Mean Arterial Pressure (mmHg) 73.6 ± 1.0 80.2 ± 1.6 0.0011 

Pulse Pressure (mmHg) 75.9 ± 0.3 88.9 ± 1.0 0.0002 

Pulse Wave Velocity (m/s) 0.2 ± 0.01 0.3 ± 0.02 0.0015 

Systole Diameter, Ds (mm) 1,68 ± 0.03 1.08 ± 0.05 <0.0001 

Diastole Diameter, Dd (mm) 1.48 ± 0.02 0.92 ± 0.04 <0.0001 

Systole Surface, As (mm2) 2,21 ± 0.07 0.93 ± 0.08 <0.0001 

Diastole Surface (Ad, mm2) 1,73 ± 0.06 0.69 ± 0.06 <0.0001 

Intima-media thickness (h, mm) 0.13 ± 0.003 0.14 ± 0.004 0.0972 

Local PWV (m/s) 0.87 ± 0.12 4.46 ± 0.75 0.0013 

Distensibility (DC, MPa−1) 203.6 ± 51.1 15.8 ± 7.5 0.0108 

Young modulus (E, MPa) 0.09 ± 0.02 1.72 ± 0.50 0.0172 

Local pulse pressure (DP, MPa) 0.002 ± 0.001 0.09 ± 0.03 0.0127 

Compliance (CC, mm2/MPa) 142.3 ± 35.5 6.9 ± 3.3 0.0085 

H
E

A
R

T
 P

A
R

A
M

E
T

E
R

S
 

Heart Rate in vigilante mice (bpm) 624.0 ± 9.8 632.3 ± 10.9 0.4053 

Heart Rate under anesthesia (bpm) 489.9 ± 16.2 417.4 ± 12.2 0.0071 

Flow rate aortic arch (mL/min) 22.97 ± 1.819 35.34 ± 3.546 0.0057 

Cardiac Output (mL/min) 12.92 ± 0.923 18.42 ± 1.099 0.0172 

Stroke Volume (µL) 32.71 ± 1.805 41.30 ± 1.988 0.0503 

Ejection Fraction (%) 50.64 ± 1.989 45.06 ± 2.362 0.1128 

Fraction Area Change (%) 47.08 ± 2.101 38.42 ± 3.723 0.035 

Fractional Shortening (%) 14.54 ± 2.094 21.89 ± 1.597 0.033 

Left ventricle end-diastolic volume (µL) 65.27 ± 2.186 75.87 ± 4.309 0.0433 

Left ventricle end-systolic volume (µL) 31.44 ± 1.005 39.51 ± 3.338 0.0288 

Left ventricle mass (mg) 99.09 ± 5.759 145.4 ± 8.825 0.0039 

 

level of eNOS (Figure 1F, 1G) and plasma nitric oxide 

(NO) levels (Figure 1H) also decreased in the aorta of 

aged animals. 

 

Beyond cells, the extracellular structures, such as elastic 

lamellae, are other components that could be affected. 

AFM (atomic force microscopy) results (Figure 1I, 1J) 

demonstrated an increase in the Young’s modulus of 

elastic lamellae in young mice or in the interfiber  

spaces of aged aortas, consistent with stiffening of 

elastic fibers and possibly abnormal smooth muscle  

cell contraction. 

 

General approaches to tissue structures 

 

Alterations in each of the aortic layers (intima,  

media, adventitia), changes in cell composition  

(e.g., SMCs or ECs), and modifications in matrix 

structures (collagen or elastic fibers) contribute to the 

reduction in distensibility and/or vascular tone. The 

thickness of cell layers can be assessed through 

histological methods (e.g., hematoxylin-eosin - H&E) 

or immunohistochemistry staining, and by Raman 

imaging (Figure 2A). 

 

In a morphological analysis of the aortic wall in old and 

young mice, H&E staining revealed a thicker intima-

media and adventitia in old mice compared to young 

mice (Figure 2B). The increase in media thickness can 

be partly attributed to the accumulation of SMCs, as 

indicated by α-SMA immunostaining (Figure 2C, 2D). 

Discontinuities in the CD31 labeling suggest a loss of 

ECs in the intimal layer. 

 

Raman spectroscopy, serving as a valuable alternative 

to histology and immunohistochemistry, excites the 

molecules within the aortic section under study and 

detects the diffusion of Raman photons generating a 

characteristic spectrum (Figure 2E, 2F). Furthermore, it 

allows for the reconstruction of images from all the 
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Figure 2. General evaluation of aortic wall remodeling between old (n = 5–10, red) and young (n = 5–10, blue) mice. (A) 

Decision tree allowing cellular and extracellular evaluation. (B) Histological staining (Hematoxylin-Oesin, HE) and quantification of the 
thickness of the tunica media and adventitia by ImageJ Software. (C) Immunohistology against αSMA (smooth muscle actin, specific marker 
for smooth muscle cells) and CD31 (specific marker for endothelial cells). DAPI (blue) identifies cell nuclei. (D) Quantification of CD31 and 
αSMA fluorescence (see Figure 2C) and related to DAPI fluorescence using ImageJ. (E, F) Examples of the spectra of the elastic fibers (E) and 
the tunica intima (F) obtained by Raman spectroscopy. (G) Reconstruction of the vascular wall from the spectra obtained previously (panels 
E, F). Statistical test: Mann-Whitney. Mean+/− SEM. Significant differences (*p < 0.05, **p < 0.001, ***p < 0.0001, Mann-Whitney). 
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collected spectra (Figure 2G). In the case of aging 

aortas, we observe an accumulation of cells (likely 

SMCs) in the media and thicker elastic lamellae, 

suggesting a significant alteration in the ECM. 

 

Adventitia tunica analysis, focusing on collagen fibers 

 

ECM remodeling in the adventitia primarily involves the 

deposition of collagen fibers, which offer protection to 

the aortic wall against overdistension during systolic 

cardiac phases. Any modification in this structure could 

either facilitate vessel rupture or, conversely, lead to 

increased wall rigidity. It’s crucial to analyze the 

structures of collagen fibers, including assessing their 

quantity, types, and maturity levels (measured by 

crosslinking quantification) (Figure 3A). In aged mice, 

we observed an increase in collagen deposits, particularly 

type I fibrillar collagen, as indicated by mRNA expression 

(Figure 3B) and total collagen levels (Figure 3C) in the 

thoracic aorta. This increase was also confirmed by 

staining with picrosirius red (PSR) (Figure 3D). 

 

Characterization of the maturation-degradation 

balance of collagen 

The birefringence of collagens observed through 

polarized light microscopy of PSR-stained aorta slices 

also suggests an increase in type III collagen. The 

maturation of collagen fibers can be assessed by 

crosslinking quantification. In the aged thoracic aorta, 

compared to the young counterpart (Figure 3E), a 

significant increase is observed in the immature 

crosslinks, hydroxylysinonorleucine (HLNL), and 

histidinohydroxymerodesmosine (HHMD), while there’s 

a decrease in the crosslink of mature hydroxylysine 

pyridinoline (HP). The immature dehydrohydroxy-

lysinonorleucine (DHLNL) bond remains unchanged. 

Consequently, the sum of crosslinks (Total XL) 

increases in older abdominal aortas. The difference 

observed in the abdominal aorta is less pronounced than 

in the thoracic aorta (Supplementary Figure 1). 

 

Characteristics of collagen degradation: Assessing the 

expression of enzymes involved in crosslink development, 

such as lysyl oxidase (LOX) and lysyl oxidase-like 

(LOXL-1 to -4), reveals that only LOXL1 and LOXL3 

have increased expression in the aged aortas (Figure 3F). 

Lastly, the expression of collagenases (MMP1, MMP13, 

and MMP8) is significantly elevated in the old group 

compared to the young group (Figure 3G). The increase in 

collagen content and the number of crosslinks suggest that 

the adventitia layer may stiffen with age. 
 

Intima-media analysis with a focus on elastic fibers 

 

The ECM in the media layer of the aorta is mainly 

composed of lamellar units of concentric elastic fibers. 

A thorough examination of this intricate 3D scaffold 

requires high-resolution microscopy techniques such  

as scanning electron microscopy (SEM) and 3D X-ray 

computed tomography (X-ray CT) (Figure 4A). SEM 

reveals alterations in elastic fibers in aged mice,  

where the fibers are less distinct compared to those in 

young aortas (Figure 4B). This disorganization is also 

visible through X-ray CT (Figure 4C). Simple image 

segmentation using a grayscale threshold allows for 

the separation of media cells (pseudo-stained in green) 

from the elastic lamellae (pseudo-stained in orange) in 

the young mouse specimen. In the imaged area, the 

elastic fiber network in the old mouse aorta appears to 

have a less ordered structure (Figure 4C). Comparing 

the high-resolution X-ray image of the aorta in an 

older animal to a younger one, a clear distinction in 

elastin organization is evident, characterized by a 

decrease in the quantity and thickness of lamellae, as 

shown in Figure 4C. 

 

Characterization of the elastogenesis 

The observed changes in the elastic fiber scaffold in  

the aged mouse specimen are likely due to elastolysis 

processes, including elastin fragmentation, elastin 

peptide production, and elastase activities. Nevertheless, 

elastogenesis and elastosis should not be overlooked 

(Figure 5A). Elastogenesis is characterized by the 

expression of elastin (ELN) and microfibrillar glyco-

proteins, such as fibrillins (e.g., FBN1), fibulins (e.g., 

FBLN5), or latent transforming growth factor-beta 

binding proteins (e.g., LTBP4), and the formation of 

crosslink patterns that indicate fiber maturity. 

 

When comparing aged and young mouse aortas, the 

expression of mRNAs for ELN, FBLN-5, and LTBP4 

is identical in both groups studied (Figure 5B).  

Only the mRNA expression of FBN-1 is significantly 

increased. Furthermore, the total insoluble elastin 

decreases, suggesting a loss of integrity of this  

protein (Figure 5C). When evaluated individually, no 

significant difference is observed in crosslinks within 

the thoracic (or abdominal) aorta of the two groups 

(Figure 5D and Supplementary Figure 1). However, 

the sum of all different crosslinking patterns (Total 

XL) significantly decreases in aged aortas compared  

to young aortas, confirming the disorganization of 

these fibers. 

 

Characterization of the elastolysis 

In addition to assessing elastogenesis, understanding 

elastolysis is a crucial aspect for determining the degree 

of vascular stiffness (Figure 5A). Histological methods 

such as Hart’s staining or elastin autofluorescence 
enable an estimation of the integrity of elastic fibers by 

measuring their thickness or identifying ruptures. To 

facilitate measurements, the vessel is divided into four 
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Figure 3. Evaluation of the collagen component within the aging aortic wall (n = 5–10, red) and young (n = 5–10, blue). (A) 

Decision tree allowing the evaluation of collagen. (B) mRNA expression of collagen (1a) type I. (C) Quantification of total collagen on the 
whole aorta. (D) Histological staining with picrosirius red and visualization in polarized or non-polarized light (left panel). Quantification of 
colorized collagen as a function of image area using ImageJ Software (right panel). (E) Quantification of the different crosslinks formed 
within collagen fibers such as hydroxylysyl pyridinoline (HP), hydroxylysinonorleucine (HLNL), dihydroxylysinonorleucine (DHLNL), 
histidinohydroxymerodesmosine (HHMD) in the thoracic aorta. (F) mRNA expression of lysyl-oxidase (LOX) and lysyl-oxidase like 1 to 4 
(LOXL1, −2, −3, −4). (G) mRNA expression of metalloproteinases 1, 2, 13 and 8 (MMP1, −2, 13, −8). Statistical test: Mann-Whitney. Mean +/− 
SEM. Significant differences (*p < 0.05, **p < 0.001, ***p < 0.0001, Mann-Whitney). 
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quadrants (Figure 5E). The total number of elastic  

fiber ruptures is higher in old aortas compared to  

young aortas (Figure 5F). Examining individual fibers, 

we observe these ruptures across all six concentric 

lamellae without distinction (Figure 5G). Elastic fiber 

fragmentation can also be determined by measuring the 

quantity of elastin-derived peptides (EDP) or desmosines 

found in the plasma, which are significantly increased 

in aged mice (Figure 5H). 

Another approach to detect increased elastolysis within 

aged aortas is quantifying the expression of elastases 

such as MMP2, MMP9, neutrophil elastase, and 

cathepsin S (Figure 5I), or the activity of cathepsin S 

in plasma (Figure 5J). However, these increased 

activities can be counterbalanced by the presence of 

their natural inhibitors. In older mice, inhibitors of 

MMP9, neutrophil elastase, or cathepsin S (e.g., 

TIMP1 (tissue inhibitor of metalloproteinase), SERPIN 

 

 
 

Figure 4. General impact of aging on the general structuring of elastic fibers within the aortas (n = 4/group). (A) Decision tree 
allowing the evaluation of the general organization of elastic fibers. (B) Low (top panels) and high (bottom panels) magnification images 
obtained from scanning electron microscopy. (C) Images obtained by high-resolution X-ray microscopy (panels a–f). A 3D reconstruction of 
the network of elastic fibers (red) and cells (green) is made from the images (panels e–h). 
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Figure 5. Evaluation of elastic fibers within the aortic wall (n = 5–10, red) and young (n = 5–10, blue). (A) Decision tree 

allowing the evaluation of elastogenesis and elastolysis. (B) mRNA expression of elastin (ELN), fibulin 5 (FBLN5), fibrillin 1 (FBN1), latent 
transforming growth factor beta binding protein 4 (LTBP4). (C) Quantification of total elastin on the thoracic aorta (dark blue circle and dark 
red square) and the abdominal aorta (light blue circle and light red square). (D) Quantification of the different crosslinks formed within 
elastic fibers such as isodesmosine, desmosine, merodesmosine, lysinonorleucine (LNL) in the thoracic aorta. (E) Visualization of the 
ruptures (arrowheads) of the elastic lamellae observed by the autofluorescence of elastin. (F) Total quantification of the ruptures observed 
in Figure 5E. (G) Counting the number of ruptures observed for each elastic lamella and determining from Figure E. (H) Plasma 
quantification of elastin-derived peptides (EDP) and desmosines. (I) mRNA expression of elastases such as matrix metalloproteinase 2 and 9 
(MMP2 and MMP9), neutrophil elastase (NE) and cathepsin S. (J) Plasma activities of neutrophil elastase (NE) and cathepsin S. (K) mRNA 
expression of natural elastase inhibitors, TIMP1 (tissue inhibitor of metalloproteinase), cystatin C, Serine protein inhibitor (SERPIN). 
Statistical test: Mann-Whitney. Mean +/− SEM. Significant differences (*p < 0.05, **p < 0.001, ***p < 0.0001, Mann-Whitney). 
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(Serine protein inhibitor), cystatin C, respectively)  

have significantly increased expression (Figure 5K), 

suggesting a mitigation of the effects of proteases. 
 

DISCUSSION 
 

Among the critical factors contributing to vascular 

aging, the deformability of elastic arteries, as 

determined by elastance-compliance, plays a significant 

role, possibly on par with or even surpassing the impact 

of hypertension [13, 14]. In this study, we have, for the 

first time, amalgamated classical and innovative 

methods into a single framework for assessing vascular 

stiffness, considering both cellular and extracellular 

parameters that may influence it. We have given 

precedence to methodologies both in terms of function 

and anatomy (see Figure 1A and Supplementary Figure 

2) to streamline future research, be it fundamental, 

clinical, or diagnostic, in the field of vascular stiffness. 

 

The points we address in these decision trees allow for a 

comprehensive characterization of vascular stiffness for 

preclinical studies. It is important to identify the cellular 

component (i.e., endothelial and smooth muscle cells), 

as numerous studies have already illustrated. In these 

same studies, the contribution of extracellular matrix 

remodeling is generally not mentioned. This could be 

due to the authors’ lack of knowledge and/or experience 

in ECM analysis. 

 

However, whether for preclinical or clinical studies, it is 

crucial to identify the reasons for vascular stiffness —

cells or ECM— as therapeutic approaches can be very 

different. 

 

In clinical conditions, few parameters are currently 

available using non-invasive imaging methods, such  

as PWV and aortic elasticity (Figure 1A and 

Supplementary Table 1). Plasma biomarkers can also be 

evaluated: levels of NO, endothelin, elastase activity, or 

soluble elastin fragments (Supplementary Figure 2 and 

Supplementary Table 1). 

 

Although the structures of mouse and human aortas  

are quite different, the aging process between young 

and old mice compared to humans is remarkably 

comparable (Supplementary Table 1). This comparison 

underscores the relevance of our methods across species. 

To illustrate the practicality of this methodological 

approach, we applied our decision trees to a study 

comparing aortic stiffness in old and young mice 

(without apparent pathology). 

 
In our proposed decision trees, the primary factor  

under scrutiny by clinicians and basic researchers is  

the functional alteration of SMCs and/or ECs. These 

disruptions often lead to increased SMC contraction  

due to elevated levels of plasma vasoconstrictor agents, 

such as endothelin 1, and a reduction in pro-relaxing 

factors like nitric oxide production. Furthermore, SMC 

hyperproliferation intensifies vasoconstriction. When 

evaluating vascular stiffness and its impact on systolic 

pressure, the remodeling of cellular components, 

including SMCs and ECs, should not be overlooked. It is 

important to note that functional measurements, except 

for blood pressure, were performed in anesthetized mice. 

Anesthesia can undoubtedly minimize the differences 

between groups, here elderly vs. young individuals. The 

application of these methods in awake individuals, as in 

humans, would undoubtedly be more relevant. Indeed, 

these functional measurements can be performed on 

awake patients, either in specialized medical imaging 

facilities or by a general practitioner trained in ultrasound 

and pulse wave velocity measurement. 
 

Although the cellular component significantly contributes 

to vascular resistance, the fundamental elements of the 

ECM (elastic and collagen fibers) play a crucial role in 

maintaining aortic structural and functional integrity. 

Therefore, during systolic phases, collagen fibers bear 

more than half of the mechanical load on the vessel, 

serving to safeguard the aortic wall from overdistension. 

When collagen synthesis is downregulated or when 

structural alterations occur, the vessel wall becomes 

more susceptible to fatigue and failure, increasing the 

likelihood of multiple arterial ruptures and aortic 

dissections [15, 16]. On the contrary, an excess of these 

fibers or excessive cross-linking between them has been 

associated with elevated arterial pressures and vascular 

stiffening [17–19]. 

 

In addition to these structural components, the 

inflammatory state of the arterial wall also plays a 

critical role in vascular aging. Chronic, low-grade 

inflammation is a common feature of aging tissues and 

contributes significantly to vascular dysfunction. During 

aging, low-grade inflammation is consistently observed 

in many tissues. This is particularly evident in the 

arterial component, where immune cell infiltration is 

noted. Such inflammation, which could be quantified  

by flow cytometry, can lead to cellular dysfunction  

by disrupting molecular processes like autophagy, 

proliferation, differentiation, and cellular calcification. 

Additionally, the presence of leukocytes can release 

proteases (such as neutrophil elastase, cathepsin S, and 

MMPs), contributing to the degradation of both collagen 

and elastic fibers. The degradation of these fibers  

due to inflammatory processes further complicates the 

structural integrity of the aorta. This interaction between 
inflammation and ECM remodeling underscores the 

need for comprehensive visualization techniques to 

assess fiber integrity. 
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Collagen visualization can be accomplished using various 

classic, rapid, and cost-effective histological methods, 

such as Masson’s trichrome and picrosirius red (PSR). 

Unlike Masson’s trichrome, PSR allows for the 

visualization of both collagen fiber types I and III [20]. 

When observed under polarized light microscopy, PSR-

stained samples exhibit type I collagen fibers (thicker 

fibers) with yellow-orange birefringence and type III 

collagen (thinner fibers) with green birefringence. 

However, it’s worth noting that some studies have 

contested this differentiation. In our study, we have 

adopted a comprehensive quantification approach that 

encompasses both type I and type III collagen fibers. 

 

Alternatively, a more costly solution involves multi-

photon microscopy with second harmonic generation 

(SHG), where the primary source of the signal is 

fibrillar collagen (type I). This technique allows for  

the identification of the macromolecular organization  

of fibrillar collagen (type I) exclusively, and it permits 

the application of specific immunostaining for other 

collagen types. Significantly increased expression of 

aortic collagen types I and III, during aging, may  

result in impaired fibril formation and, consequently, 

decreased tensile strength of vascular tissue [21, 22]. 

These increases, particularly in type III collagen, could 

be a warning sign of a risk of dissection and aneurysm. 

 

While the accumulation of collagen fibers affects the 

radius-tension relationship (Laplace’s law), the elastic 

lamellae confer elastance and compliance properties  

to blood vessels. Several methods are available to  

study the degree of elasticity (or stiffening) in elastic 

fibers. Ultrasound and MRI approaches allow us to 

determine the degree of aorta stiffening by measuring 

Young’s modulus, compliance, or pulse-wave velocity. 

These techniques are readily accessible in healthcare 

institutions, making it reasonable to consider them for 

diagnosing vascular rigidity. We directly determined the 

Young’s modulus of elastic fibers, as described by 

Berquant et al. [23]. Young’s modulus measurements 

obtained through ultrasound approaches (in vivo) or 

AFM (in vitro) reveal a significant stiffening of elastic 

fibers in aged aortas compared to those in young mice, 

suggesting a modification in the integrity of these 

elastic fibers. 

 

Elastic lamellae, or elastic fibers, possess a complex 

structure comprising numerous proteins. The most 

abundant among these is a large biopolymer known as 

elastin, which is stabilized by microfibrils and covalent 

cross-links. These microfibrils include fibrillins, fibulins, 

and latent transforming growth factor-β binding proteins 
(LTBPs). Simultaneously, cross-linking enzymes such 

as lysyl oxidase (LOX) and lysyl oxidase-like 1 

facilitate intra-fiber crosslinks, including desmosine, 

isodesmosine, or merodesmosine, markers of elastic 

fibers maturity. Current methods for identifying the 

development of the scaffold forming the elastic fiber are 

mostly limited to mRNA or protein expression, providing 

information only regarding the presence or absence  

of elastin and microfibrils. In contrast, biochemical 

analysis of crosslinks offers insight into fiber maturity. 

 

Combining various imaging methods such as Raman 

spectroscopy, three-dimensional X-ray imaging, and 

scanning electron microscopy can complement 

biochemical approaches. Images obtained by high-

resolution X-ray imaging (Figure 4C) show a 

morphological change likely due to lamellae rupture in 

old animals. The visualization of lamellae differs 

between SEM and X-ray imaging, with SEM capturing 

surface details while high-resolution X-ray imaging 

provides insight into the internal structure. This 

discrepancy highlights the value of using multiple 

microscopic methods to understand elastin distribution 

in biological samples. Raman spectroscopy and X-ray 

tomography do not require molecular labeling or 

contrast agents and yield high-resolution quantitative 

images of the spatial distribution of ECM constituents 

in biological tissue sections (paraffin or frozen), living 

tissue, or even in vivo (e.g., fiber optics coupled with 

Raman spectroscopy) [24]. This minimally invasive 

method, although still experimental, holds potential for 

aiding in the pathological diagnosis of ECM [25]. In the 

absence of techniques like Raman spectroscopy, standard 

histological methods (e.g., Weigert’s, van Gieson’s, 

Hart’s staining) [11], or elastin autofluorescence [20], 

provide information about the general appearance of the 

fibers (thickness, quantity) and are user-friendly. 

 

Several studies, including our own, reveal that three-

dimensional X-ray imaging and scanning electron 

microscopy are currently the only approaches that offer 

high-resolution images to visualize ruptures and defects 

in the fiber architecture of the intima-media tunica. 

Fractures can be identified [26, 27], as well as the 

interaction of the elastic laminae with other surrounding 

tissues (e.g., perivascular adipose tissue) [28, 29]. 

However, these methods cannot provide information 

about the elastic properties of the fibers during  

systole or diastole, necessitating simulations of these 

cardiovascular phases by pressurizing the vessel 

upstream of the imagery [30]. 

 

Nonetheless, these imaging methods are primarily 

limited to providing morphological information and 

lack the resolution to detect local molecular events on 

elastic fibers or collagen, such as post-translational 
modifications (e.g., glycation, carbamylation, N-

homocysteinylation, glycosylation, etc.) or crosslinks 

between elastin fibers (desmosine, isodesmosine), 
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indicative of fiber aging [31, 32]. Expression levels 

(mRNA or proteins) and cross-links can be measured 

relatively easily [20, 33, 34]. In our study involving old 

mice, we observe that collagen cross-links are favored, 

while those of elastic fibers are reduced compared to 

young mice. This suggests a loss of structural integrity 

in elastic fibers in favor of collagen fibers, contributing 

to vessel stiffening. These alterations in elastic fibers, 

including fragmentations evident through elastin 

autofluorescence or reduced cross-link quantities, can 

be detected through measurements of desmosines and/or 

elastin-derived peptides (soluble fraction of elastin) in 

plasma [20, 35]. These markers correlate with aging 

[36, 37]. In keeping with Paczek et al., we demonstrate 

that the synthesis and plasma activity of proteases (e.g., 

cathepsin S, neutrophil elastase) increase with age, 

potentially explaining age-related diseases and arterial 

stiffening [38, 39]. Consequently, these plasma assays, 

including these protease activities or elastin fragments 

degraded (EDP and/or desmosines), could easily be 

performed by medical analytical laboratories. Those 

plasma data coupled with functional imagery (MRI  

or ultrasound) could integrate into clinical diagnostic 

methods and provide the general practitioner or 

specialist with major information for diagnosing arterial 

stiffening. Then, the complications of vascular stiffness 

could be anticipated and a therapeutic strategy adapted, 

such as an anti-hypertensive treatment, for example. 

 

As a proof of concept for future studies in humans,  

it would be interesting to use our functional and 

anatomical decision trees to provide a risk score that 

could predict the occurrence of future arterial stiffness 

and hypertension. This risk score should take into 

account functional data such as pulse wave velocity 

(>10 m/s) and/or Young’s modulus (<1.8 × 103 kPa) of 

the aorta obtained by ultrasound or MRI [40, 41]. 

Additionally, this score would be augmented by plasma 

factors such as endothelial markers (NO, <22 mM and 

ET-1, >2.02 pg/mL) [42, 43] and factors involved in 

elastolysis, such as plasma activities of elastases (NE, 

>243.9 ng/mL and cathepsin S, >26.28 ng/mL) [44, 45], 

as well as markers of elastic fiber degradation (i.e., 

elastin-derived peptides (EDP, >4.9 ng/mL and/or 

plasma desmosines, >0.4 ng/mL) [46–48]. The resulting 

score could allow clinicians to anticipate the 

implementation of antihypertensive treatments, for 

example. Moreover, all these data could eventually be 

integrated into other cardiovascular risk scores, such  

as the Framingham Risk Score. This score predicts 

various aspects of cardiovascular disease risk by 

integrating the age and gender of the patient, their 

systolic blood pressure, total plasma cholesterol levels, 
HDL, and CRP. It also considers whether patients are 

diabetic, smokers, and the treatments they use. But this 

Framingham Risk Score, as a lot of other cardiovascular 

scoring systems, can explain no more than 50% of the 

overall risk of developing cardiovascular disease [49–

52]. Improving the robustness of these scores could 

involve integrating parameters describing vascular 

stiffness in our study into the calculation method. 

 

The study concludes by emphasizing the need for a 

multimodal and multi-level approach to study arterial 

stiffening, providing valuable insights for diagnosis  

and preclinical research into molecular mechanisms. 

Detecting and preventing aortic stiffness is deemed 

crucial in clinical practice and fundamental research, 

suggesting the integration of new diagnostic options 

into routine medical practices. However, the article 

acknowledges the current applicability of non-invasive 

imaging approaches primarily in preclinical research 

and calls for the development of low-cost, easy, and 

rapid protocols for clinical use. 

 

MATERIALS AND METHODS 
 

Animal models 

 

All mouse procedures conformed to the Guide for  

Care and Use of Laboratory Animals of the US  

National Institutes of Health and were approved by the 

Animal Subjects Committee of Champagne-Ardenne 

(2018032113171684v8-15413). C57BL/6N mice (6 and 

20 months old) were purchased from Janvier (Le 

Genest-Saint-Isle, France) and housed in a 12:12-hour 

light/dark cycle, temperature- and humidity-controlled 

environment. They had ad libitum access to a standard 

diet (AIN-93 M rodent diet, Special Diet Service, UK), 

and water during the experimental period. 

 

Functional parameters 

 

Measurement of blood pressure 

The study employs the non-invasive tail-cuff method to 

measure blood pressure in animals, avoiding anesthesia 

or surgery. Adaptation and handling are required, with 

regular daily sessions. Parameters include pulse, systolic 

and diastolic pressures, from which mean arterial 

pressure and pulse pressure are derived. Hypertension is 

determined based on statistical differences in pressure 

between aged and young mice. 

 

Pulse wave velocity (PWV) 

Velocity measurements are conducted in anesthetized 

animals (4% isoflurane, 10 min). The measurement  

can be performed using ultrasound probes (Indus 

Instruments, Webster, TX, USA), with one probe placed 

at the level of the aortic arch and the other at the level of 

the abdominal thoracic aorta near the bifurcation of the 

iliac arteries. While Doppler ultrasound systems can 

measure velocity limited to specific portions of arteries 
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(such as carotids and the aortic arch), this method 

considers the entire aorta, providing a more 

comprehensive assessment of vessel rigidity. 

 
High-frequency ultrasound imaging 

Under isoflurane anesthesia, we measured heart 

parameters. The Vevo3000 system assessed left 

ventricle functions, aortic arch dimensions, pulse wave 

velocity, and intima-media thickness. Distensibility 

factor (D) and Young’s modulus (E) were derived using 

relevant equations such as: the Bramwell and Hill 

equation [53] and the Moens-Korteweg equation. 

Pressure variation and compliance were deduced 

following Brands’ methodology [54]. 

 
Vascular reactivity 

We investigated the effects of aging on ex vivo  

aortic reactivity. Wild-type mice were anesthetized by 

intraperitoneal injections of pentobarbital sodium (150 

mg/kg). Once euthanasia was complete, their hearts 

were removed. Vascular reactivity studies were carried 

out, as described in [55]. 

 

Biochemical parameters 

 

Plasma assay 

Peripheral blood from mice was collected in 

heparinized tubes by retroorbital puncture, and the 

plasma was stored at −80°C. Evaluations of elastin-

derived peptide concentrations were performed using  

a commercially available kit (Biocolor, Antrim, UK) 

according to [56] and a desmosine ELISA kit (Cusabio 

Technology LLC, Houston, TX, USA) according to 

[20]. A neutrophil elastase activity assay and a cathepsin 

activity assay (Abcam, Cambridge, UK) were used to 

measure neutrophil elastase and cathepsin S activities, 

respectively [20]. Endothelin1 was quantified with an 

ELISA kit (Mybiosource, Vancouver, Canada). 

 
Total collagen and elastin quantifications 

Tissue was digested with HCl and its collagen content 

was determined from collagen assay kit (Sigma-

Aldrich, St. Louis, MO, USA). Quantification of total 

elastin was carried out according to the protocol 

described in the study by Nave et al. [57]. 

 

Cross-linking assay 

Protein analysis followed the protocol described [57]. 

Collagen crosslink analysis involved sodium borohydride 

reduction, bacterial collagenase digestion, and HCl 

hydrolysis. Crosslinked soluble fractions were hydrolyzed 

and precleared, with eluates analyzed on an amino  

acid analyzer. Crosslink nomenclature denotes reduced 

variants. Collagen content, based on hydroxyproline, was 

calculated from hydrolyzed collagenase-soluble samples. 

For protein and elastin crosslinks, samples underwent 

collagenase digestion. Soluble collagen underwent 

hydrolysis, while the residual fraction was alkali-

extracted. Elastin and non-collagenous proteins in the 

supernatant were hydrolyzed. Elastin crosslinks in the 

NaOH-insoluble fraction were analyzed after CF-11 

preclearance. The study’s approach provides insights into 

collagen, protein, and elastin crosslinks. 
 

Gene expression 

The analysis utilized qPCR, with RNA extraction, cDNA 

synthesis, and real-time PCR as previously described 

[20]. The housekeeping genes 36B4 and RPS26 

normalized RNA expression, calculated using the 

2−ΔΔCT method. Detailed primer sequences are 

available in Supplementary Table 2. The study’s 

comprehensive approach provides insights into collagen, 

protein, elastin crosslinks, and gene expression. 
 

Western blotting 

Western blotting was performed as previously described 

by Blaise et al. [56]. The antibodies, including 

endothelial nitric oxide synthase (eNOS, 32027S, 

dilution 1/1000) and its phosphorylated form (p-NOS, 

9570S, dilution 1/1000), were purchased from Cell 

Signaling Technology (Danvers, MA, USA). 
 

Imaging parameters 
 

Histology approaches 

From paraffin cross-sections (5 µm thickness) of aortas, 

deparaffinization and rehydration were performed 

before staining with Hematoxylin-Eosin (H&E) or red 

picrosirius, as described [20]. Autofluorescence of 

elastin at a wavelength of 488 nm was observed from 

the H&E staining. Thickness measurements of intima-

media and adventitia tunica were conducted using the 

ImageJ Software. 
 

Raman spectroscopy/imaging 

Raman measurements used a Witec alpha 300R 

confocal Raman microscope on deparaffinized aorta 

cross-sections. Samples were kept hydrated, and 

underwent imaging with a green laser (532 nm). Two 

images per sample were acquired, each covering an  

80 × 90 µm area at 0.5 × 0.5 µm/pixel resolution. Data 

preprocessing included cosmic ray removal, baseline 

correction, cropping, and normalization. True component 

analysis (TCA) generated intensity distribution heatmaps, 

identifying prevalent spectral signatures. Principal 

component analysis (PCA) on single spectra extracted 

from TCA images allowed in-depth molecular analysis. 

PCA was applied separately for elastic fibers and 

interfibrillar ECM. 
 

Atomic force microscopy (AFM) 

Frozen 10 µm-thick aorta cross-sections were incubated 

in KH solution for equilibration at 37°C. The prepared 
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samples were placed onto the microscope stage and 

observed with bright field illumination to locate the 

spots of interest. Analysis was performed using AFM as 

described [23, 58]. Analyses were performed at three 

different locations in each cross-section, for a total of 

nine cross-sections obtained from three different mice. 

 

High-resolution X-ray microscopy 

Aorta underwent paraffin removal and staining before 

manual sectioning. Sections were affixed to metallic 

pins for X-ray imaging using a Carl Zeiss Xradia 810 

Ultra microscope with a chromium source. Zernike 

phase-contrast and a field-of-view of 64 µm² were 

employed for imaging. A total of 901 projection images 

were acquired during a 180-degree sample rotation. 

Reconstruction, using a filtered back-projection 

algorithm, resulted in isotropic voxel-sized (128 nm) 

volumetric images. Stitching of images was performed, 

and tomograms were exported for visualization in 

Thermo Fischer Avizo software. This methodology 

provided detailed X-ray images for comparative 

analysis of aortic structures in young and old mice. 

 

Scanning electron microscopy 

Defrosted samples were deposited onto a SEM stub and 

treated with NanoSuit® Aqueous Solution (Electron 

Microscopy Sciences) according to the manufacturer’s 

instructions. Samples were imaged in a Scanning 

Electron Microscope FEI Quanta 3D FEG Dual-Beam 

working at an acceleration voltage of 5 kV. 

 

Statistical analyses 
 

Data were prospectively collected and analyzed using 

StatView 5 software for Windows (SAS Institute, 

Berkley, CA, USA). In agreement with random sampling 

analyses, comparisons between groups are presented as 

mean ± SEM. Nonparametric statistics (Mann-Whitney 

U-test) were used. For all analyses, a p-value < 0.05 was 

considered to indicate statistical significance. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Methods 
 

Functional parameters 
 

Measurement of blood pressure 

Currently, multiple more or less invasive methods exist 

to study blood pressure in animals. In our case we have 

chosen the tail-cuff method, which is non-invasive and 

the closest to those measurements taken in humans. 

Other available methods require anesthesia and/or 

delicate surgery and are not suitable for the study  

of aortic remodeling. However, the tail-cuff method 

requires adaptation of the animals, handling, restraint 

and swelling of the sleeve of the Sphygmomanometer. 

Regularization is carried out every day, one week 

before the test. The final measurement is the average of 

five successive measurements as described in [1, 2]. 

Three parameters were analyzed, the pulse, the systolic 

(SBP) and diastolic (DBP) blood pressures. From these, 

the mean arterial pressure (MAP) and the pulsed 

pressure (PP) can be deduced from: PAM = 2/3 PAD + 

1/3 PAS; PP = PAS – PAD. If the SBP and/or DBP of 

aged C57Bl/6 were statistically superior to the pressure 

of the young C57Bl/6 mice, then we considered the 

mice to be hypertensive. 
 

Pulse wave velocity (PWV) 
 

The velocity measurement is done in anesthetized 

animals (4% isoflurane, 10 min). The measurement  

can be made either from ultrasound probes (Indus 

Instruments, Webster, TX, USA), one placed at the 

level of the aortic arch and the other at the level of  

the abdominal thoracic aorta near the bifurcation of  

the iliac arteries. While the Doppler ultrasound system 

can measure a velocity limited to portions of arteries 

(carotids, aortic arch), this method considers the entire 

aorta and gives a more general idea of the rigidity of the 

vessel. 
 

High-frequency ultrasound imaging 
 

High resolution ultrasound imaging was performed with 

anesthetized animals (isoflurane 4%). The animals were 

depilated with hair removal cream and placed on a 

heated table (37°C). For ultrasound measurements, a 

Vevo3000 ultrasound imaging system (VisualSonics, 

Toronto, Canada) with a 30 MHz linear signal transducer 

was used for measurements of anatomical and 

functional parameters of left ventricle of heart needed  

to determine factors such as ejection fraction, cardiac 

output, fractional area change, fractional shortening, 

stroke volume, end-systolic volume (LVESV), and end-

diastolic volume (LVEDV). At the level of the aortic 

arch, the diameter of the vessel was measured during 

the cardiac cycle (systole, Ds-diastole, Dd), as well as 

the pulse wave velocity (PWV) and the thickness of the 

tunica intima-media (h). Distensibility factor (DC) and 

Young’s modulus (E) were derived by Bramwell and 

Hill [3] equation ( )
E h

PWW
D 


=


 and Moens-

Korteweg equation 
1

( ),PWW
DC

=


 respectively. 

From the conclusions of Brands et al. [4], the local 

variation of the pressure during the cardiac cycle (DP) 

and the compliance (CC) can then be deduced as: 

( )

( )
et .

As Ad

As AdAdP CC
DC P

−

−
 = =


 Additional 

information is available in the Supplementary Materials 

section. 

 
Vascular reactivity 

 
We investigated the effects of aging on ex vivo  

aortic reactivity. Wild-type mice were anesthetized by 

intraperitoneal injections of pentobarbital sodium (150 

mg/kg). Once euthanasia was complete, their hearts 

were removed. Vascular reactivity studies were carried 

out, as described in [5]. A midline incision was made 

through the sternum to open up the thoracic cavity, and 

the descending thoracic aorta was carefully isolated. 

Each aorta was sectioned into 3.5 mm rings devoid  

of fat and connective tissue. The rings were placed  

in Kreb’s-Henseleit (KH) solution under 5% CO2 and 

95% O2 atmosphere at 37°C. The aorta rings were 

maintained under a 1.3 g tension (previously determined 

as the optimal point for their length-tension relationship) 

and allowed to equilibrate for 1 h. All rings were  

pre-constricted with potassium chloride (KCl). After 

rinsing, phenylephrine (between 10−9 and 3.10−5 mol/L) 

was added to the medium. The constriction was 

expressed as a percentage of the KCl response. The 

endothelium function was measured as the relaxation 

response to acetylcholine (between 10−9 and 3.10−5 

mol/L). The degree of relaxation was calculated 

considering the maximal contraction obtained with 

phenylephrine. 
 
Biochemical parameters 

 
Cross-linking assay 

Protein analysis was performed as described in [6]. 

Briefly, for collagen crosslink analysis, samples were 

reduced by sodium borohydride (Sigma, Germany; 25 

mg NaBH4/ml in 0.05 M NaH2PO4/0.15 M NaCl pH 
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7.4, 1 h on ice, 1.5 h at room temperature) and digested 

with high purity bacterial collagenase (C0773; Sigma, 

Germany; 50 U/ml, 37°C, 12 h). The soluble fractions 

containing collagen cross-links were hydrolyzed in  

6 N HCl at 110°C for 24 h. The hydrolysates were 

precleared by solid phase extraction. Dried eluates 

were analyzed on an amino acid analyzer (Biochrom 

30, Biochrom, Cambridge, UK). The nomenclature of 

the crosslinks used in the article refers to the reduced 

variants of crosslinks. The collagen content was 

analyzed in an aliquot of hydrolyzed samples of the 

collagenase soluble fraction prior to preclearance and 

calculated based on a content of 14 mg hydroxyproline 

in 100 mg collagen. For protein and elastin crosslinks 

analysis, samples were digested with bacterial 

collagenase [7]. The soluble fraction containing 

collagen was subjected to hydrolysis and amino acid 

analysis. The residual fraction was extracted by hot 

alkali (0.1 N NaOH, 95°C, 45 min). The supernatant 

containing non-collagenous/non-elastin proteins and 

the insoluble residue containing insoluble elastin were 

subjected to hydrolysis and amino acid analysis. The 

content of elastin crosslinks was analyzed in an aliquot 

of the NaOH-insoluble fraction containing elastin after 

CF-11 preclearance by amino acid analysis. 

 

Gene expression 

 

Was analyzed by qPCR, as previously described [20]. 

Total RNA was extracted using Trizol reagent (Eurobio 

Scientific, Les Ulis, France). The RNA concentration 

was measured using a NanoDrop system (Thermo 

Fisher Scientific, Illkirch, France). The 260/280 ratio 

was calculated, using NanoDrop software, to evaluate 

protein contamination. Complementary DNA (cDNA) 

was generated using a Verso cDNA kit (Thermo Fisher 

Scientific, Illkirch, France). Real-time PCR was 

performed using SYBR Green on a BioRad CFX96 

Real-Time System (Bio-Rad, Hercules, CA, USA). In 

this study, 5 µl cDNA (1/10) and 0.7 µl of each forward 

and reverse primer (3 µM) were used for the qPCR test, 

with cycling conditions as follows: 95°C for 15 

minutes, 40 cycles of 95°C for 10 seconds, and 60°C for 

60 seconds. RNA expression was normalized to the 

housekeeping genes 36B4 and RPS26, and relative gene 

expression was calculated using the 2−ΔΔCT method. 

Supplementary Table 2 presents the forward and reverse 

sequences. 

 

Imaging parameters 

 

Raman spectroscopy/imaging 

Raman measurements were performed with a Witec 
alpha 300R confocal Raman microscope (Witec GmbH, 

Ulm, Germany). Paraffin cross-sections (3 µm thickness) 

of aortas underwent deparaffinization by a consecutive 

row of xylene and ethanol steps and were rehydrated in 

PBS. Samples were kept hydrated during the entire 

measurement. For each sample, two images were 

acquired of an area of 80 × 90 µm, at a spatial 

resolution of 0.5 × 0.5 µm/pixel and an integration time 

of 0.05 s/spectrum. A green laser (532 nm) with an 

output power of 60 mW, a 600 g/mm grating and a  

63× water dipping objective were selected for the 

measurements. Sections from 7 animals were measured 

for each group. 

 

Data analysis 

First, data were preprocessed by cosmic ray removal, 

baseline correction (shape algorithm), cropping to the 

wavenumber region between 300–3000 cm−1 and 

normalizing (area to 1 normalization). True component 

analysis (TCA, Witec Project 5.2 Software) was 

performed for image generation. Briefly, the TCA 

algorithm identifies most prevalent spectral signatures 

in the Raman maps, the corresponding pixel and thus 

allows to generate intensity distribution heatmaps for 

each component. For further in-depth analysis of 

molecular changes, single spectra were extracted from 

the preprocessed TCA images and analyzed by principal 

component analysis (PCA). PCA allows to decompose 

the spectral information to a defined number of vectors 

(principal components, PC), which elaborate spectral 

similarities and differences that can be explained by the 

corresponding loadings plot. PCA was performed for 

elastic fibers and the interfibrillar ECM. 400 spectra 

were extracted per animal and applied for PCA. 

Statistical analysis was performed by comparing the 

average score values of each animal (GraphPad Prism 9, 

unpaired t-test). 

 

Atomic Force Microscopy (AFM) 

 

Frozen 10 µm-thick aorta cross-sections were incubated 

in KH solution for equilibration at 37°C. The prepared 

samples were put onto the microscope stage and 

observed with bright field illumination to locate the 

spots of interest. Analysis was performed using AFM 

(Bioscope Catalyst, Bruker, Billerica, MA, USA, driven 

by the Nanoscope Analysis 1.8 software) coupled to a 

Nikon Eclipse Ti inverted microscope (Nikon, Tokyo, 

Japan). To obtain a representative set of values for  

each cross section, AFM analyses were performed at 

three different locations of the cross section, and each 

experiment was triplicated, leading to nine different 

areas analyzed per condition. Experiments were 

performed in the KH buffer using the Peak Force 

Quantitative NanoMechanical (PFQNM) mode with 

ScanAsyst-air probes (Bruker, Billerica, MA, USA) 
with a nominal spring constant of 0.4 N/m and a 

nominal resonant frequency of 70 kHz. For the PFQNM 

calibration, the standard supplier protocol was applied 
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to obtain quantitative measurements of the Young’s 

modulus (YM). First, the deflection sensitivity was 

calibrated, before use in the buffer, by carrying out 

indentation ramps on a clean and hard sapphire surface. 

Then, the cantilever spring constant was calculated 

before and after each experiment, following the thermal 

tuning method. The last step was to calibrate the 

curvature radius of the tip using a standard titanium  

tip check sample. This curvature radius was confirmed 

by performing a test measurement of the YM of a 

calibrated known sample. A PeakForce frequency of 

0.25 kHz was used to maximize the contact time 

between the tip and the sample, and the PeakForce 

amplitude was set to 2 µm. The distance synchronization 

parameter was manually and constantly adjusted over 

time so that the turnaway point of each force curve was 

exactly at the (x, y) maximum position. Images were 

captured with a resolution of 256 pixels per line. Once 

the different AFM images were acquired, the force 

curves were extracted from chosen areas in the PFQNM 

images for the YM calculation, and the conventional 

Derjaguin–Muller–Toporov (DMT) model was used to 

fit the linear part of the extension curve, as it was 

identified as the best suited model according to the tip 

geometry and the properties of the samples. The YM at 

each point of the elastic fibers or of the inter-fiber 

spaces was calculated using a value of the Poisson ratio 

of 0.5 for our samples considered incompressible. For 

each condition, at least 5000 force curves were treated 

to obtain the mean values of the YM for the elastic 

fibers and the inter-fiber spaces. The analyses were 

performed at three different locations in each cross-

section, for a total of nine cross-sections obtained from 

three different mice. 

 
High-resolution X-ray microscopy 

 

Sample preparation 

Aorta specimens from 6-month-old mice (n = 4) and 20-

months-old mice (n = 4) were received embedded in 

paraffin. The paraffin was removed by immersion in 

xylene for 30 min, followed by staining with a 0.5% I2 

in ethanol solution for 30 min. After immersion in 

xylene once again for 30 min, the sample was 

embedded in paraffin and, using a heated blade, it was 

manually cut into sections of ca 500 µm thickness 

orthogonal to the aorta longest axis. Afterwards, the 

sample was glued onto the tip of a metallic pin with the 

aid of a stereo microscope. 

 
X-ray imaging 

A Carl Zeiss Xradia 810 Ultra X-ray microscope 

equipped with a chromium source (5.4 keV) was used in 

the imaging experiments. The sample located onto the 

tip of a metallic pin was inserted in the sample holder of 

the device and the experiments were performed using 

Zernike phase-contrast. Samples were scanned using a 

field-of-view of 64 m2. A total of 901 projection 

images, with an exposure time of 20 s each, were 

acquired by rotating the sample over 180o. Each  

sample was imaged for two or more times, and the 

reconstructed volumetric images were stitched after 

reconstruction. Image reconstruction was performed  

by a filtered back-projection algorithm using the 

XMReconstructor software integrated into the Xradia 

810 Ultra and the final images have isotropic voxel  

size of 128 nm. The tomograms obtained were exported 

as a stack of 16-bit TIFF images for stitching and 

visualization in Thermo Fischer Avizo software 

(version 3D 2021.1). 

 

Scanning electron microscopy 

 

Defrosted samples were deposited onto a SEM stub and 

treated with NanoSuit® Aqueous Solution (Electron 

Microscopy Sciences) according to the manufacturer 

instructions. Samples were imaged in a Scanning 

Electron Microscope FEI Quanta 3D FEG Dual-Beam 

working at an acceleration voltage of 5 kV. 
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Supplementary Figures 
 

 
 

Supplementary Figure 1. Evaluation of crosslinks in abdominal aorta of young (blue) or old (red) mice. (A) Collagen cross-links. 

(B) Elastin cross-links. Statistical test: Mann-Whitney. Mean +/− SEM. Significant differences (*p < 0.05, **p < 0.001, ***p < 0.0001, Mann-
Whitney). 
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Supplementary Figure 2. Summary of the decision tree allowing the study of vascular stiffness by morphological approaches. 
“*” identifies parameters that are methodologically accessible for clinical studies. 
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Supplementary Tables 
 

Supplementary Table 1. Variations of aortic parameters from young to aged in mice and humans. 

 Mouse Human 

Systolic blood pressure (mmHg) = or  [8–11]  12 13 

Aortic stiffness  9 10 14  12 13 15−18 

Aortic structure 

Lumen diameter  9 10 19 21  12 15 16 18 

Wall thickness  9 10 20 21  14−7 

Number of elastic lamellae = [9, 10] = [17] 

Adventitia thickness = [22] = [23] 

Elastic fiber-related processes in the aortic wall 

Elastogenesis  24  25 

Elastolysis  26 = or  [25, 27, 28] 

Endothelial cell function 

Basal NO production  21, 29, 30  (Dilation of forearm arteries) 31 32 

Acetylcholine-triggered NO production  21, 30, 33, 34  (Dilation of forearm arteries) [15, 35–37] 

Permeability  8 9  (Corneal endothelial cells) 40 

Vascular smooth muscle cell function 

Elastin production  24  25 41 

Contractility  = or  9, 10, 20, 21, 34  = or  42 43 

Susceptibility to atherogenesis  or = 44−8  13 9 50 

Left ventricular hypertrophy (LVH)  9  13 

The complete list of references (here in brackets) can be found in the supplementary section. 

 

Supplementary Table 2. Sequences used for qPCR. 

Gene name Forward sequence (5′ → 3′) Reverse sequence (5′ → 3′) 

RPS26 TAGAAGCCGCTGCTGTCAGG GGCACAGCTCACGCAATAATG 

36B4 AAAGCCTGGAAGAAGGAGGTC AGATTCGGGATATGCTGTTGG 

MMP-1 CACTCCCTTGGGCTCACTCA GTTGCACCTGTTGGCTGGAT 

MMP-2 ATCGAGACCATGCGGAAGC GCCCGAGCAAAAGCATCAT 

MMP-8 AACGGGAAGACATAC GGGTCCATGGATCTT 

MMP-9 CACGGAGACGGGTATCCCTT GGGCACCATTTGAGTTTCCAT 

MMP13 CAGTCTCCGAGGAGAAACTATGAT GGACTTTGTCAAAAAGAGCTCAG 

Myosin light-chain kinase (MLCK) TGGGGGACGTGAAACTGTTTG GGGGCAGAATGAAAGCTGG 

Neutrophil elastase (NE) TGGAGGTCATTTCTGTGGTG CTGCACTGACCGGAAATTTAG 

Cathepsin-S GCGTCACTGAGGTGAAATACC CCCCCACAGCACTGAAAG 

Cystatin C ATGACCAGCCCCATCTGA CCAGGGCACGCTGTAGAT 

Tissue inhibitors of metalloproteinase (Timp1) TCCCCAGAAATCAACGAGACC GTACCGGATATCTGCGGCATT 

Serine peptidase inhibitor (SERPIN) TAGGGAGCAAGGGTGACACTC ACTGTCTGGTCTGTTGAGGGT 

Elastin (ELN) GCTGCTGCTAAGGCTGCTAA AGCACCTGGGAGCCTAACTC 

Fibrillin 1 (FBN1) GGACGGAAAGAACTGTGAAGAT ACACATTCCGTTTAGGCACA 

Fibulin 5 (FBLN5) ATCTGCTGATTGGTGAAAACC ATGGTGAATGGCTGGTCTCT 

Lysyl oxidase like 1 (LOXL1) GAATACTGAGCCAGACTGGC GGGTCTCATTGAAATTAGTATCC 

Lysyl oxidase like 2 (LOXL2) ATGACCTGCTGAGCCTCAAC CAGTGTCCTCCAGGCAGAAG 

Lysyl oxidase like 3 (LOXL3) ATGGGTGCCATCCACTTGAG TGTTCTTGGACGGGCATCTC 

Lysyl oxidase like 4 (LOXL4) GGTTGTGAACCCCACAAACG CTGCATTGGCTCGGTAGGAA 

306



www.aging-us.com 28 AGING 

Lysyl oxidase (LOX) CTATTCGATCCCACGCTGCT CCTCACAATGGGGATGTGCT 

Latent TGF beta binding protein (Ltbp-4) CGTCAACGAGTGTGATGAGG GAGCAAATCCTGGACGACAG 

Smooth muscle actin (α—SMA) ACTGGTATTGTGCTGGACTCTG TAGTCACGAAGGAATAGCCACG 

Smooth muscle (SM22α) CCCAGACACCGAAGCTACTC GACTGCACTTCTCGGCTCAT 

h-caldesmon TACACCAATGCAATCGAGGGAA TACATCTCCTGGCCTCAAGTCA 
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